Cyanobacteria are photoautotrophic micro-organisms, which are increasingly being used as microbial cell factories to produce, for example, ethanol directly from solar energy and CO 2 . Here, we analysed the effects of different salt concentrations on an ethanol-producing strain of Synechocystis sp. PCC 6803 that overexpresses the pyruvate decarboxylase (pdc) from Zymomonas mobilis and the native alcohol dehydrogenase (adhA). Moderate salinities of 2 % NaCl had no negative impact on ethanol production, whereas the addition of 4 % NaCl resulted in significantly decreased ethanol yields compared to low-salt conditions. Proteomic analysis identified a defined set of proteins with increased abundances in ethanolproducing cells. Among them, we found strong up-regulation of a-1,4 glucan phosphorylase (GlgP, Slr1367) in the producer strain, which consistently resulted in a massive depletion of glycogen pools in these cells regardless of the salinity. The saltinduced accumulation of the compatible solute glucosylglycerol was not affected by the ethanol production. Glycogen and probably compatible solutes could present competing pools with respect to organic carbon, explaining the decreased ethanol production at the highest salinity.
INTRODUCTION
The elevated consumption of energy, growing concerns about climate change [1] and increasing demands for food and feed have renewed interest in developing renewable and sustainable energy sources as an alternative to fossil fuels [2] . One approach is the application of micro-organisms for fuel and feedstock production [3] . In addition to many native and engineered micro-organisms, such as Escherichia coli [4] , Saccharomyces cerevisiae [5] and Zymomonas mobilis [6] , cyanobacteria are becoming increasingly attractive for the production of biofuels and chemical feedstock [7] [8] [9] .
Cyanobacteria represent the only prokaryotic group able to perform oxygenic photosynthesis. These photoautotrophic bacteria can be used as microbial cell factories, using just water, inorganic nutrients and solar energy to produce biofuels from atmospheric CO 2 . Besides their simple growth requirements, genetic tools are available [10, 11] that can be used to engineer cyanobacterial strains for the production of diverse products such as ethanol [12] [13] [14] , isobutyraldehyde and isobutanol [15] , 1-butanol [16] , fatty acids [17] or isoprene [18, 19] . Large-scale cyanobacteria cultivation systems in open ponds [20, 21] or in closed photobioreactors [22] have been developed, and could be established on marginal land not suitable for agriculture. Moreover, many cyanobacteria are adapted to brackish or marine water environments, which allow cyanobacterial mass cultivation in seawaterbased media [23] . The use of seawater makes the process sustainable, since freshwater is becoming another globally limiting resource and should be preferentially used as drinking water or for irrigation of crop plants [24] .
To acclimate to high and varying salinities, microorganisms have evolved a so-called 'salt-out-strategy' [25, 26] . This strategy involves two basic measures: active export of inorganic ions to keep low internal ion concentrations and the accumulation of small organic compounds, socalled compatible solutes, to achieve osmotic acclimation supporting water uptake and cell turgor. Moderate halotolerant cyanobacterial strains such as our model organism Synechocystis sp. PCC 6803 (hereafter Synechocystis) accumulate glucosylglycerol (GG) as the major compatible solute [27] . In addition to ion export and GG accumulation, high salt concentrations have a global impact on cellular metabolism, gene expression patterns, as well as the protein composition of cyanobacterial cells [28, 29] . Salinity of the growth medium also influences the biofuel productivity of cyanobacterial cells [19, 30, 31] .
Here, we analysed how different salt concentrations influence the ethanol productivity of an engineered Synechocystis strain that expresses pyruvate decarboxylase (PDC) and alcohol dehydrogenase (ADH) [12, 14] . The first enzyme catalyses the non-oxidative decarboxylation of pyruvate to acetaldehyde and CO 2 , while the ADH converts the produced acetaldehyde into ethanol (Fig. S1 , available in the online Supplementary Material). The impact of different salinities on ethanol production, compatible solute and glycogen accumulations as well as the proteomes of the non-ethanol-producing control strain (CS) and the ethanol producer strain were analysed to obtain a deeper understanding of the autotrophic metabolism for future ethanol production by cyanobacteria in seawater.
METHODS
Organism and culture conditions Cells of the cyanobacterium Synechocystis sp. PCC 6803 that contain the pVZ323 plasmid carrying the adhA of Synechocystis and the pdc of Z. mobilis were received from Dr Dan Kramer (Algenol Biofuels Germany GmbH, Berlin, Germany) and are described in Dienst et al. [14] . Both genes are under the control of the petJ promoter, which is induced after lowering copper in the cultivation medium. The producer strain was compared to a CS, which harbours the pVZ323 plasmid without both adhA and pdc genes. The strains were grown under continuous illumination of 150 µmol photons/m 2 s (warm white fluorescent tubes, Osram L 32) at 29 C in medium BG11 [32] supplemented with different NaCl concentrations [0, 2 and 4 % (w/ v) NaCl] and bubbled with CO 2 -enriched air (5 %, v/v). For ethanol production studies, cultures were pre-cultivated at the different NaCl concentrations for 24 h. These cells were used to inoculate the main cultures at an optical density at 750 nm (OD 750 ) of 1.0 (equivalent to approximately 10 9 cells ml À1 ) in BG11 without copper to induce ethanol production. The cultures were then incubated under standard conditions over 6 days. Samples were taken daily to determine growth, pigmentation, GG, glycogen and ethanol production. Samples for proteome analysis were taken after 24 h.
Determination of growth, pigmentation and ethanol content
The growth of the cultures as an increase of OD 750 was recorded over 6 days. The values for chlorophyll a, phycocyanin and carotenoids were measured spectrophotometrically. These values were corrected according to Sigalat and de Kouchowski [33] , and the chlorophyll a/ phycocyanin and chlorophyll a/carotenoid ratios were calculated.
Ethanol was enzymatically determined, whereby ethanol was oxidized to acetaldehyde by ADH in the presence of NAD. We used the ethanol test kit (R-Biopharm) according to the manufacturer's protocol. Instead of using a reaction volume of 3 ml, the assay was performed in a total volume of 1 ml, down-scaling all reagents. All ethanol amounts were related to total culture volume or to OD 750 of the cyanobacterial suspension as a proxy for biomass.
Analysis of GG and glycogen GG was extracted from the cell pellets with 80 % (v/v) ethanol (HPLC grade, Roth) containing a defined amount of sorbitol as an internal standard at 68 C for 2 h. The final dry extract was dissolved in pyridine, silylated and analysed by GC according to Hagemann et al. [34] .
For glycogen quantification, the cell pellet was dried by lyophilization and re-suspended in 500 µl 30 % (w/v) KOH. After incubation for 1 h at 100 C, the samples were cooled, and 625 µl 95 % (v/v) ethanol (HPLC grade, Roth) added. The samples were incubated at 100 C for 15 min and afterwards centrifuged at 14 000 r.p.m. for 10 min (20 C). The pellet was suspended in 500 µl deionized H 2 O and incubated at 100 C for 15 min. After cooling on ice, 1 ml of freshly prepared anthrone reagent [200 mg anthrone in 100 ml 95 % (w/v) H 2 SO 4 ] was added. The dye complex developed at 100 C for 15 min and was measured at 625 nm after a last cooling step.
Proteomic analysis
For the detailed method, see the Supplementary Material. Protein extracts were obtained after homogenization of cells with a cell mill and separated into soluble and membrane-enriched fractions as described by Fulda et al. [28] . Protein (100 µg) in buffer containing sodium deoxycholate was reduced with dithiothreitol, alkylated with iodoacetamide and then completely digested with trypsin (sequencing-grade trypsin, Promega). Sodium deoxycholate was removed using the phase-transfer surfactant method [35] . Peptide samples corresponding to approximately 120 and 200 ng digested protein from the cytosolic and membrane-enriched fractions, respectively, supplemented with 40 fmol Hi3 Phos B (rabbit phosphorylase B) standard for protein absolute quantification (Waters) were separated on an analytical column (ACQUITY UPLC HSS T3, 1.8, 75 µmÂ250 mm, Waters) using the nanoAcquity UPLC system (Waters). The UPLC system was coupled to the mass spectrometer (Synapt G2-S mass spectrometer, Waters) via a NanoLockSpray ion source using a PicoTip Emitter (New Objective). The SYNAPT G2-S instrument was operated in data-independent mode [36] , characterized by parallel fragmentation of multiple precursor ions in combination with ion-mobility separation as an additional dimension of separation (referred to as HDMS E ) [37] . In low-energy MS mode, acquisitions were performed at a constant collision energy (CE) of 4 eV, whereas drift time-dependent CE settings [38] were applied in elevated-energy MS mode.
Samples were measured once without technical replication. Thus, 18 measurements (each three biological replicates of CS and producer strain grown at 0, 2 and 4 % NaCl) were performed for the cytosolic and membrane-enriched fractions, respectively. Progenesis QI for Proteomics version 2.0 (Nonlinear Dynamics) was used for raw data processing, protein identification and label-free quantification. For the protein search, a database containing 3507 sequences from Synechocystis (UniProt release 2015_09) appended with the sequences of PDC from Z. mobilis (P006672), rabbit phosphorylase B (P00489) and porcine trypsin was compiled. Peptides were identified by at least three fragment ions and proteins by at least seven fragment ions and two peptides. Proteins were quantified by the absolute quantification Hi3 method using Hi3 Phos B Standard (Waters) as described previously [39] .
The results were exported to Microsoft Excel for further data analysis including calculation of fold change values. Two-way ANOVA with repeated measures was calculated with R statistical software version 3.2.2. Proteins that showed at least a 1.5-fold increase or decrease, respectively, and ANOVA P-values <0.01 for the comparison between production strain and CS were selected for further analysis. A two-sample, two-tailed Welch t-test was used for the calculation of statistical significance.
RESULTS

Ethanol production at different salt concentrations
To analyse the impact of increasing salinity on ethanol production, the ethanol-producer strain was cultivated in BG11 supplemented with different amounts of NaCl over 6 days. The highest ethanol concentration of 0.7 or 0.2 g l À1 OD 750 was observed in a standard BG11 medium (0 % NaCl) after 5 days (Fig. 1a, b) . Comparable values were observed when cells were grown in a medium supplemented with 2 % NaCl, whereas the ethanol productivity was clearly lower in cells grown in media supplemented with 4 % NaCl. The ethanol production profile is almost similar in relation to cell culture volume and to biomass expressed as optical density (OD 750 ), respectively. Cells cultivated under NaCl-free conditions or with 2 % NaCl accumulated ethanol at similar rates during the first 2 days, whereas the ethanol accumulation increased about 2-fold (1.5-fold related to OD 750 and 2.5-fold related to volume) by the fourth day. After 6 days, the NaCl-free culture contained slightly more ethanol than cultures supplemented with 2 % NaCl. However, cultivation at 4 % NaCl clearly decreased ethanol productivity during the entire experiment, whereas the growth of the producer strain was almost not affected by the different salinities and was similar to CS cells (Fig. 1c, d ). The ethanol production at 4 % NaCl was lowered from the first day, which resulted in only 33 % of ethanol compared to the control culture without NaCl addition (Fig. 1) . In addition to the growth analysis, we analysed if the ethanol production had an effect on the pigmentation. The pigmentation of the producer strain did not change at the tested salinities compared to the CS (Fig. S2) .
GG accumulation at different salt concentrations
As mentioned above, salt stress induces the accumulation of GG in Synechocystis. To analyse whether the ethanol production has an effect on the accumulation of compatible solutes, the GG amount was determined. The ethanol producer and the CS showed similar amounts of intracellular GG at 2 and 4 % NaCl, whereas cells grown without NaCl addition contained only traces of GG. The GG level rose to approximately 110 nmol ml À1 OD 750 at 2 % NaCl and to approximately 350 nmol ml À1 OD 750 at 4 % NaCl in these two strains (Fig. 2) .
Proteomic analysis
The proteome was analysed to discover changes in the metabolic processes during the production of ethanol. The total number of proteins, which could be quantified by at least two peptides, amounted to 1506, of which 1022 were identified in the cytosolic fraction and 1104 in the membraneenriched fraction with an overlap of 620 proteins. Thus, 43 % of the Synechocystis proteome was covered. However, among them, only 12 proteins showed significant differences in their abundances in cells of the producer strain relative to the CS at the three salinities (see Table S1 ), whereas the NaCl-concentration-dependent alterations of protein abundances were similar in the producer strain and the CS. According to the focus of our study, here we only discuss the ethanol-production-dependent proteome changes. As expected, the transgenic PDC was highly accumulated at all three salt concentrations in the producer strain, showing protein concentrations comparable to the most abundant metabolic enzymes such as glyceraldehyde-3-phosphate dehydrogenase 2 (Gap2; sll1342), transaldolase (Tal; slr1793) or fructose-bisphosphate aldolase class 2 (FbaA; sll0018). About 7-fold lower, but still comparatively high, protein amounts were estimated for the AdhA (slr1192) of Synechocystis, which was also overexpressed in the producer strain ( Table 1) . Cells of the CS contained nine times lower amounts of AdhA than the producer strain.
Only a few additional proteins were found to be more abundant in the cytosolic fraction of the producer strain compared to the CS (Table 1, Fig. 3 ). Most strikingly, the amount of a-1,4 glucan phosphorylase (GlgP, Slr1367) was significantly increased in cells of the producer strain with an average fold change of 13.7 over all three NaCl concentrations. It should be mentioned that Synechocystis possesses a second glycogen phosphorylase (Sll1356), which was not significantly different between the producer strain and the CS. Among the up-regulated proteins, we also found precorrin decarboxylase (CbiT), whose gene slr1368 is located downstream of the highly accumulated GlgP (Slr1367). Moreover, two proteins of unknown function (Slr1116, Sll0553) showed moderately increased abundances in the producer strain. Finally, two probable short-chain dehydrogenases (Slr5088, Slr2124) of unknown substrate specificity were found at elevated levels in ethanol-producing cells. In the membrane-enriched fraction, we identified only two proteins of unknown function (Slr1704 and Slr1258) (Table 1) , which showed increased abundances in the producer strain. In addition to the up-regulated proteins, we identified two proteins with lowered amounts in the producer strain as compared to the CS (Table 1, Fig. 3 ). The amount of the soluble phycobilisome 32.1 kDa linker polypeptide, phycocyanin-associated, rod 2 (CpcC2; Sll1579) was about 3-fold lower in the soluble fraction, whereas the transmembrane phycobilisome rod-core linker polypeptide CpcG2 (Sll1471) showed about 4-fold lower abundances in the membrane-enriched fraction of ethanolproducing cells.
Glycogen accumulation at different salt concentrations A first hint of the possible impact of ethanol production on the intracellular glycogen amount was obtained by the proteome analysis. Consistent with the accumulation of the glycogen-degrading enzyme GlgP, the glycogen amount is lowered in cells of the producer strain as compared to the CS (Fig. 4) . The largest difference in glycogen amount between these strains was observed in cells grown at 2 % NaCl, where the CS contained 29 times more glycogen than the producer strain. In the NaCl-free BG11 medium, the ethanol producer accumulated 12-fold less glycogen than the CS, whereas 5-fold less glycogen was found in the ethanol-producing cells at 4 % NaCl (Fig. 4) .
DISCUSSION
The ability of cyanobacteria to grow in saline environments provides an attractive possibility of performing their mass cultivation in seawater-based media to save limited freshwater supplies [24] . However, before using seawater media, it is important to know if the productivity of engineered strains is influenced by different salt concentrations. Therefore, we analysed the impact of salinity on ethanol production in Synechocystis, which is a euryhaline strain and can resist up to 2-fold seawater concentration due to the massive accumulation of the compatible solute GG [27] . The highest ethanol production rate with about 115 mg l À1 day À1 was observed in the NaCl-free cultivation. About 2-fold higher ethanol production rates, 250 mg l À1 day À1 [14] and 212 mg l À1 day À1 [13] , have been obtained before with Synechocystis strains. Our ethanol production rate was not affected at 2 % NaCl but significantly decreased at 4 % NaCl. Compared to 2 % NaCl, the producer cells contained higher GG and glycogen pools at 4 % NaCl, which are probably competing carbon sinks, leading to decreased ethanol production. The reduced carbon flow into the producing pathway was also assumed to be the main reason for limited isoprene productivity of cyanobacteria at enhanced salinities [19, 31] . In contrast, Carrieri et al. [30] showed that, in the marine cyanobacterium Synechococcus sp. PCC 7002, the ethanol production was 100-fold higher in a high-salt medium (1.24 M NaCl) than in a low-salt medium (0.24 M NaCl). However, in contrast to Synechocystis, the growth of the marine cyanobacterium Synechococcus sp. PCC 7002 is lower under NaCl-poor conditions than in salt-supplemented media.
Indications for organic carbon limitation due to ethanol production were also obtained from our proteome data because some enzymes involved in the mobilization of organic carbon were found at enhanced levels. Among them, the GlgP represents the most striking example. However, Slr2124 and Slr5088, which are annotated as probable short-chain dehydrogenases [40] , were also up-regulated in the producer strain, where these proteins could be involved in the turnover of lipids or organic acids. Increased abundances of Slr5088 were also reported by Borirak et al. [41] when investigating a lactic-acid-producing Synechocystis strain. These authors argued that an imbalance of the intracellular NADH/NAD + ratio, caused by the overexpressed NADH-dependent lactate dehydrogenase, was responsible for the up-regulation of this protein. However, Borirak et al. [41] did not detect increased levels of Slr5088 in an ethanolproducing strain of Synechocystis. Interestingly, the uncharacterized proteins Sll0553 and Slr1258 (Table 1) were also detected at elevated levels by Borirak et al. [41] . In addition, our proteome data showed decreased abundances of components of the phycobilisome light-harvesting complex, namely, CpcC2 (Sll1579) and CpcG2 (Sll1471), in the ethanol producer. A significant (~40 %) delay in biomass accumulation, the development of a bleaching phenotype and a down-regulation of light-harvesting capacity were previously reported for ethanol-producing Synechocystis cells by Dienst et al. [14] . Similar findings were reported in a study by Borirak et al. [41] , where decreased abundances of The GG content in cells cultivated without NaCl was below the detection limit. phycobilisome components such as CpcA, CpcB, CpcC1, CpcC2 and CpcG2 (Sll1471) were found. In addition, reduced amounts of the photosynthetic protein PbsA1, of proteins involved in chromophore biosynthesis such as HemE and HemF and of many ribosomal proteins were reported by Borirak et al. [41] . Interestingly, these authors measured enhanced CO 2 fixation rates in producer cells, which correlated with the detection of elevated levels of many proteins involved in carbon assimilation. These findings indicate that the producer strains investigated in the study of Borirak et al. [41] compensated the organic carbon limitation by the up-regulation of the capacity to fix inorganic carbon. However, such changes were not detected in our proteome analysis.
Increased levels of the glycogen-degrading enzyme GlgP (Slr1367) were not reported before in proteome or transcriptome data sets from cyanobacterial strains engineered for the production of different biotechnological products. In wild-type cells, GlgP and the debranching enzyme degrade glycogen during the night or when exogenous carbon sources are limited [42] . Synechocystis harbours two genes for GlgP in its genome, namely, slr1367 and sll1356. The second, GlgP (Sll1356), was detected in the proteome but showed no alterations in the producer strain. Fu and Xu [43] provided evidence that the two GlgP proteins fulfill specific functions. The GlgP encoded by slr1367 was preferentially required for glycogen degradation when CO 2 fixation or external glucose were limited, whereas the other GlgP homologue (Sll1356) played a minor role in glycogen degradation under these conditions. The drain of organic carbon from the Calvin-Benson cycle via pyruvate to produce ethanol possibly caused a carbon limitation, which is comparable to conditions of CO 2 limitation. The assumed role of GlgP (Slr1367) in providing additional carbon for Means from three biological replications and SD values are shown for cultures grown at 0, 2 and 4 % NaCl, respectively. Proteins were quantified by the absolute quantification Hi3 method [39] , taking the known abundance of the internal standard (40 fmol Hi3 rabbit phosphorylase B) into consideration. Each protein amount is expressed in femtomoles occuring in the sample volume applied to the nanoLC-HDMS E analysis (fmol on column). Statistical significance was analysed by Welch's t-test and is depicted by an asterisk. *P<0.05, **P<0.01, ***P<0.001. The Pvalues from the overall comparison between protein abundances in extracts of Prod and CS are indicated on top.
ethanol production was verified by analysis of the intracellular glycogen amount, which was significantly lower in ethanol-producing cells irrespective of the salinity. The amount of GG, which probably represents the second competing pool for organic carbon, was not changed because its accumulation level is strictly dependent on the external salinity to compensate the osmotic gradients [26] .
Conclusions
External salinities exceeding 2 % NaCl showed a negative impact on ethanol production, which could result from the competition of organic carbon for product synthesis and the accumulation of high levels of compatible solutes such as GG. Thus, our study revealed an intracellular carbon limitation caused by the carbon drain from the central metabolism to ethanol. The carbon drain was partially compensated by the overexpression of GlgP (Slr1367), a glycogen degradation enzyme, which resulted in the massive decline in the organic carbon storage glycogen. Interestingly, some of the proteins that were accumulated in the ethanol producer strain are of unknown function, implying that ethanol synthesis is linked to unknown physiological processes in Synechocystis. Finally, we conclude that more research on the molecular physiology of cyanobacteria is necessary to understand the mode of operation in cyanobacterial cell factories. 
